Abstract-Snow hydrology research conducted as part of the Ag-RISTARS Conservation and Pollution Project was reviewed along with other relevant studies. The major areas of emphasis were visible snow cover analysis, snowmelt-runoff modeling, and microwave snow investigations. Results from these areas of investigation were very positive and contributed greatly to our scientific understanding. Based on the AgRISTARS results, specific components of additional snow research have been defined that will permit future operational applications.
Significant knowledge on snow-hydrology remote sensing started to be accumulated soon after the first Landsat and NOAA satellites were launched in 1972. The first snow parameter of interest to be extracted from satellite data was the areal extent of snow cover using visible imagery and photointerpretation methods. Several Federal and state water resources agencies participated in a project on the operational applications of satellite snow-cover observations. The satellite snow-cover data were successfully tested primarily in empirical seasonal runoff estimation methods. For example, three years of testing in California resulted in the reduction of seasonal streamflow forecast error from 15 to 10 percent on three study basins [1] . Potential benefits of these types of improved satellite snow-cover based predictions across the 11 western states total $10 million for hydropower and $28 million for irrigation annually [1] , assuming an operational remote-sensing capability. These results were based on empirical techniques and little testing of snow cover data in hydrologic models was performed.
Before AgRISTARS was begun, investigators began to examine the potential use of snow cover in existing hydrologic models because of the potential demonstrated in the interagency project [1] . Only a few models like the Streamflow Synthesis and Reservoir Regulation (SSARR) model and the Snowmelt-Runoff Model (SRM) had provisions to make use of measurement of the portion of the basin or elevation zone covered by snowpack. The major differences between the two models were simplicity (SRM) and that SSARR would simulate the snow-covered area if it was not measured, whereas SRM required an actual snow-cover measurement to operate. Investigators at NASA decided to test the applicability of using satellite data in SRM and chose two remote basins in the Wind River mountains of Wyoming. Landsat photointerpretation was used to extract snow extent as a decimal fraction by elevation zone. Snow-cover depletion curves were then used to derive daily snow-cover values for input to SRM for simulation purposes. Both seasonal volume and daily streamflows were simulated quite accurately (96 and 84 percent, respectively) [2], [3] .
During this early work with visible snow-cover data, additional research was being conducted to evaluate the utility of the microwave spectral region for snow measurements. All types of data collection were attempted including the use of microwave sensors on trucks, airplanes, and satellites. Much of the early truck and aircraft work was reported in [4] , [5] . Most of these studies involved passive microwave techniques as opposed to active microwave investigations. The utilization of satellite microwave sensors for snow measurements was first attempted and reported by Rango et al. [6] . The Nimbus-6 Electrically Scanning Microwave Radiometer was used to separate snow-covered and snow-free areas and to map snow-covered area on a continental basis. Additionally, on the Canadian high plains significant relationships between dry snow depth or water equivalent and microwave brightness temperature were obtained, and the presence of meltwater in the snowpack was easily detected [6] . These early positive results provided the impetus to include microwave studies with the snow-cover and snowmelt runoff research in the Conservation and Pollution Project (CPP) of Ag-RISTARS.
II. SNOW COVER AND SNOWMELT RUNOFF RESEARCH
A. Snow Cover Delineation
The mapping of snow-cover extent was found to be very efficient when photointerpretation was used in the previously reported demonstration project [1] . As a result, photointerpretation of snow cover was employed for AgRISTARS using a zoom transfer scope whenever snowcover data was needed for modeling. Because [7] ); however, the approach is not used operationally except in Norway with NOAA polar orbiting data [8] . There is a definite need to develop the digital approach for widespread application to problem basins as well as for use when a large number of basins are studied.
Additionally, cloud cover remains a problem for snow mapping. In order to avoid this hinderance, the optimum approach would be to develop an active microwave system for snow mapping under all-weather conditions. Foster [ [9] . Using the DMSP capability, it is projected that five additional images per month can be obtained that are suitable for snow mapping. At present, however, special arrangements are necessary in order to obtain DMSP data.
The final snow-cover mapping problem is that no complete operational delivery system exists for a type of information that has been shown to have numerous proven operational applications. Much more effort should be devoted to this seemingly trivial task which has many complex aspects.
B. Snowmelt-Runoff Modeling
The SRM was developed by Martinec [10] and utilized with visual ground observations and aircraft photography to obtain the required snow-cover input data. The availability of satellite snow-cover observations permitted application on much larger and a greater number of basins than previously tested. These new applications entailed adapting the model to accept more data input and to run on a larger computer than previously. As a result a user manual was developed to assist users in widespread application of the model with remote-sensing data [11] . III. MICROWAVE ANALYSIS OF SNOW CHARACTERISTICS In the microwave wavelength region, several very significant and important advantages are evident for the snow hydrologist. Emission and reflection of microwave radiation from snow and ice surfaces is strongly affected by subsurface properties, thereby permitting the possibility of inferring information with depth. The other important advantage of the microwave region is that, depending on wavelength, microwave radiation will penetrate clouds and most precipitation, thus providing an all-weather observational capability. This is very significant in snow regions where clouds frequently obscure the surface.
Passive microwave resolution from space is inherently poor because of the large antenna sizes required, but improvements in the next few years are foreseen. Using active microwave techniques, resolution from space can be as good as 10 m, which is more than sufficient for detailed analysis of snow and ice properties. Microwave interaction with snow is extremely complex, especially in the active microwave case, and the result is that data interpretation is extremely difficult. This basic complexity is further confused by the rapid changes in snow characteristics, such as crystal size and liquid-water content, that are possible under varying climatic conditions. The dielectric constants of water and ice are so drastically different that even a little melting will cause a strong microwave response. Because of the uncertainties in the microwave interac- [15] . Table I [19] . In the model the intensity of microwave radiation emitted from a snowpack depends upon physical temperature, grain size, density, depth or snow water equivalent, and underlying surface conditions beneath the snow. Fig.  3 shows model-generated curves for 0.81-cm wavelength relating brightness temperature to snow water equivalent as a function of snow grain size [19] . These particular curves are for a dry snow condition, unfrozen ground, and an incidence angle of 500. Fig. 4 is a plot of model predictions of snow water equivalent using truck-acquired passive microwave data versus measured snow water equivalent. The agreement is quite good when typical grain sizes from the study site are known. Fig. 5 shows the scattering of the Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) 0.81-cm brightness temperature versus snow depth for the Russian test site previously mentioned [19] . A linear regression technique for relating brightness temperature to snow depth yields R2 = 0.75. The data display considerable scatter which is probably due to inhomogeneity within each footprint and assumptions made in interpreting the data. The microwave model was also used to generate a depth versus brightness temperature curve which fits well with the observations and the empirical relationship in Fig. 5 .
The shallow snow depths in the study shown in Fig. 5 are indicative of the depths necessary for insulating winter wheat seedlings from extreme winter temperatures prevalent in wheat growing areas like this one in Russia. Early knowledge of the snow depth during the winter months is, therefore, critical in predicting the forthcoming winter wheat yield. Testing of the model in deeper mountain snowpacks with aircraft and truck (see Fig. 4 ) data indicates that it can also be used in situations to improve snowmelt runoff forecasts.
Several other results from AgRISTARS are significant for microwave snow applications. Snow boundaries can generally be defined in the 0.81-cm data because of the sharp decrease in brightness temperature when going from a land to snow surface [16] . In estimating snow water equivalent, the radiation from dry snow is strongly influenced by grain size so that some independent means for obtaining grain size estimates needs to be developed. Regarding the state of the underlying soil, the presence of frozen ground can be detected by using the polarization ratio at about 3-cm wavelength [19] . Because liquid water in the snowpack coats the snow grains and causes a significant increase in internal absorption of the microwave radiation and a decrease in volume scattering or an in- Fig. 3 . Microscopic scattering model-generated calculations relating 0.81-cm brightness temperature to snow water equivalent over unfrozen soil for several crystal radii (incidence angle is 50°) from [19] . periments [20] . 
